In this study, we tested whether the renal nerves contribute to the development of hypertension in an established mouse model of SLE (NZBWF1). Female SLE and control (NZW/LacJ) mice were subjected to either bilateral renal denervation or a sham procedure at 32 wk of age. Two weeks later, blood pressure was assessed in conscious mice using carotid artery catheters. Blood pressure was higher in SLE mice compared with controls, as previously reported; however, blood pressure was not altered in the denervated SLE or control mice. The development of albuminuria was markedly blunted in denervated SLE mice; however, glomerulosclerosis was increased. Renal denervation reduced renal cortical expression of monocyte-chemoattractant protein in SLE mice but did not significantly alter renal monocyte/macrophage infiltration. Renal cortical TNF-␣ expression was also increased in sham SLE mice, but this was not impacted by denervation. This study suggests that the renal nerves do not have a significant role in the pathogenesis of hypertension, but have a complex effect on the associated renal inflammation and renal injury. blood pressure; albuminuria; renal injury; immune; inflammation SYSTEMIC LUPUS ERYTHEMATOSUS (SLE) is a chronic autoimmune disorder that primarily affects women during child-bearing years. The prevalence of hypertension, a major cardiovascular risk factor, is markedly increased in women with SLE, and cardiovascular disease is the leading cause of mortality in these women (38) . Given the central role of the kidneys in long-term blood pressure control and that nephritis is evident in greater than 50% of patients with SLE (with nearly all patients exhibiting signs of renal injury on biopsy) (4, 13), it is likely that altered renal excretory function during SLE contributes to the prevalent hypertension in this patient population. Our previously published work in a hypertensive mouse model of SLE showing an impaired chronic pressure natriuresis relationship (26) and attenuated renal hemodynamic function (43) supports this concept; however, the mechanisms that promote impaired renal function and hypertension during SLE remain unclear.
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The contributions of the renal sympathetic nerves to excretory function and experimental hypertension have been well documented (8, 12, 24) . In addition, recent data showing that high-frequency radioablation of the renal arteries is a potentially effective treatment for resistant hypertension suggests an important role for renal nerves in human hypertension (39) . Although autonomic dysfunction is common in SLE patients (11) , the potential contribution of the renal nerves to the prevalent hypertension associated with SLE has not been tested. To determine whether the renal nerves directly contribute to SLE-associated hypertension, we tested the hypothesis that bilateral renal denervation in an established hypertensive mouse model of SLE prevents the development of hypertension.
METHODS

Animals.
Female NZBWF1 (SLE) and NZW/LacJ (control) mice were obtained from Jackson Laboratories (Bar Harbor, ME). At 32 wk of age, mice were randomly divided into four groups (n ϭ 9 -11 animals per group): sham-operated control mice (control/sham), bilaterally renal denervated control mice (control/Dnx), sham-operated SLE mice (SLE/sham), and bilaterally renal denervated SLE mice (SLE/Dnx). Animals with no evidence of albuminuria, measured by Albustix (26, 42, 44) at the time of the procedure, were included in the study. Bilateral renal denervation (Dnx) was performed on animals maintained under gas anesthesia (isoflurane), as previously described by others (1) . Briefly, the right and left renal artery and vein were approached retroperitoneally, cleared of connective tissue, and separated from the renal vein. The renal artery was then carefully coated with a 10% phenol solution in ethanol and rinsed with normal saline to remove residual phenol. Sham surgery was performed without dissection of the artery and vein in controls. Mice were maintained on a 12:12-h light-dark cycle in temperature-controlled rooms with access to food and water ad libitum. All studies were approved by the University of Mississippi Medical Center Institutional Animal Care and Use Committee and were in accordance with National Institutes of Health's Guide for the Care and Use of Laboratory Animals.
Tissue catecholamines. To confirm bilateral renal denervation, renal norepinephrine, epinephrine, and dopamine were measured in both kidneys (whole kidney homogenates) using high-performance liquid chromatography as previously reported (32) . Denervation was considered successful if the renal norepinephrine level of both kidneys were reduced by greater than 80% compared with the average of the norepinephrine content in sham mice (controls and SLE). One SLE/ sham mouse was removed from the study because the animal had very low renal norepinephrine content (Ͻ20% of average renal norepinephrine of all sham mice), suggesting that the renal nerves may have been damaged during the sham procedure.
Anti-double-stranded DNA. Plasma anti-double-stranded DNA (dsDNA) antibodies, a clinical hallmark of SLE, were measured by ELISA (Alpha Diagnostics, San Antonio, TX), as previously described by our laboratory (26) . Animals that were positive for antidsDNA auto-antibodies were determined to have SLE, as we previously described (10, 42) .
Blood pressure. Two weeks after the denervation or sham procedure, when mice were 34 wk of age, mean arterial blood pressure was measured in conscious, freely moving mice using in-dwelling carotid artery catheters after a 24-h recovery period, as previously described by our laboratory (25, 26, 42) At the conclusion of the study, anesthetized animals were perfused and tissues were harvested and stored for histological and biochemical analysis. The 2-wk time course of the study was chosen to avoid potential reinnervation, which can occur rapidly in rodents (28) .
Renal injury. Weekly urinary albumin was evaluated using dipstick assay, as previously described by our laboratory (25) . Albumin levels were confirmed via commercial ELISA (Alpha Diagnostics, San Antonio, TX), according to manufacturer's instructions, in urine samples collected overnight, as previously published by our laboratory (26, 42, 44) . Data were normalized to urine creatinine levels. Fig. 3 . Renal denervation reduces albuminuria independently of blood pressure in SLE mice. A: mean arterial blood pressure (mmHg) was significantly elevated in SLE mice compared with controls (n ϭ 4 -8). Renal denervation (Dnx) had no effect in either group. *P Ͻ 0.05 vs. corresponding Control. B: urinary albumin (g/mg creatinine) was increased in SLE mice compared with controls (n ϭ 6 -9). Renal denervated SLE mice had urinary albumin levels comparable to control sham and control Dnx mice. The horizontal line represents the geometric mean for each group. The impact of Dnx on albuminuria was statistically significant (*P Ͻ 0.04).
Kidneys were fixed in formalin and stored in 70% ethanol for paraffin embedding and slicing. Sections were stained with periodic acid Schiff to assess glomerulosclerosis, as defined by mesangial expansion, extracellular matrix deposition, and capillary morphology. A minimum of 30 glomeruli was analyzed for each animal using a scale to define the area (%) of each glomerulus that exhibits injury. The scale is as follows: 0 (no injury), 1 (1-25%), 2 (26 -50%), 3 (51-75%), and 4 (76 -100%) (44) .
Renal cortical expression of neutrophil gelatinase-associated lipocalin (NGAL) was measured as an index of renal tubular injury using a goat polyclonal anti-mouse lipocalin-2/NGAL antibody (1: 500; R&D Systems, Minneapolis, MN).
Renal inflammation. Renal cortical and medullary TNF-␣ and monocyte chemoattractant protein (MCP-1) protein expression, as indices of inflammation, were measured by Western blot analysis.
TNF-␣ was measured as previously described (42), and MCP-1 was detected using a goat polyclonal anti-mouse MCP-1 (Santa Cruz-18 kDa or Abcam-12 kDa). All proteins were visualized on the Odyssey infrared scanner (LI-COR Biosciences, Lincoln, NE) using an appropriate IR700-conjugated antibody (Rockland Immunologicals, Gilbertsville, PA). Data are presented as a ratio of densitometry units of protein (based on band optical density) and normalized to ␤-actin.
Renal monocyte and macrophage infiltration was assessed in sections (4 m) incubated with an F4/80 antibody, as previously described by our laboratory (44) .
Statistical analysis. Data are presented as means Ϯ SE. Statistical analyses were performed using either SigmaStat 3.0 software (Systat, Richmond, CA) or GraphPad Prism 5 (La Jolla, CA). Two-way ANOVA was used followed by the Holm-Sidak method for testing comparisons between multiple groups. Because of the large variability in urinary albumin, glomerulosclerosis, and immune cell infiltration common to this model of SLE, the data are presented as geometric means, and the two-way ANOVA was conducted using natural logtransformed raw data. A Student's t-test was used when comparing only two groups. Values were considered statistically different at P Ͻ 0.05.
RESULTS
Body weight. Over the 2-wk course of the study, body weight decreased in all groups to a similar degree (control/ sham: 7 Ϯ 3%; control/denervation: 13 Ϯ 2%; SLE/sham: 15 Ϯ 4%; and SLE/denervation: 16 Ϯ 4%). At the time of blood pressure measurement, body weight was higher in SLE mice compared with controls (43 Ϯ 2 vs. 33 Ϯ 1 g; P Ͻ 0.001), consistent with our previously published work (37). Body weight was not different between control (31 Ϯ 1 g) or SLE (41 Ϯ 2 g)-denervated mice and their sham controls.
Renal catecholamines. Total renal content of norepinephrine, epinephrine, and dopamine were similar in sham-operated control and SLE mice (Fig. 1, A-C) . Renal norepinephrine and dopamine content was markedly reduced following denervation in both control and SLE mice (P Ͻ 0.001), whereas renal epinephrine content was not significantly altered in either group. These data confirm successful denervation.
Plasma anti-dsDNA. Plasma levels of anti-dsDNA autoantibodies, a clinical marker of SLE, were significantly elevated in SLE mice (2.8 ϫ 10 5 Ϯ 8.6 ϫ 10 4 units/ml; P Ͻ 0.05) compared with controls (3.7 ϫ 10 4 Ϯ 7.1 ϫ 10 3 units/ml; P ϭ 0.003), as expected (25, 42, 44) . Renal denervation did not alter levels of dsDNA autoantibody in SLE (2.4 ϫ 10 5 Ϯ 5.8 ϫ 10 4 units/ml) or control (5.6 ϫ 10 4 Ϯ 2.1 ϫ 10 4 units/ml) mice (Fig. 2) .
Blood pressure. As previously reported, mean arterial pressure was significantly higher in SLE mice compared with controls (136 Ϯ 5 vs. 122 Ϯ 2 mmHg; P ϭ 0.024; Fig. 3A , P Ͻ 0.05); however, renal denervation did not affect blood pressure in SLE (133 Ϯ 4 mmHg) or control (113 Ϯ 3 mmHg) mice.
Renal injury. Consistent with our previous work, we observed the expected progression of albuminuria in this model with a prevalence of 44% of SLE/sham mice by 34 wk of age (25) . In contrast, none of the SLE/Dnx or control (sham or Dnx) mice developed albuminuria over the course of the study (Albustix). A quantitative assessment of urinary albumin levels was performed with samples from 34-wk-old animals using ELISA. Consistent with the Albustix data, albuminuria (geometric mean) was elevated in SLE/sham (886 g albumin/mg creatinine) compared with control/sham (101 g albumin/mg creatinine) mice (Fig. 3B ) at 34 wk of age. This was markedly attenuated in SLE/Dnx mice (52 g albumin/mg creatinine) making the urinary albumin comparable to control/sham and control/Dnx mice (81 g albumin/mg creatinine). The impact of renal Dnx on albuminuria was statistically significant (P Ͻ 0.04).
We previously reported the presence of glomerulosclerosis in SLE mice using a semiquantitative analysis (42, 44) . Glomerulosclerosis index (GSI) was increased in sham SLE mice compared with sham controls (P Ͻ 0.01). On the basis of the albuminuria data, it was anticipated that GSI would be lower in the denervated animals. However, this was not the case, as GSI was increased in both SLE and control mice after denervation (Fig. 4) .
Because the proximal tubule is an important site of albumin reabsorption and is highly innervated (6, 40), we measured renal cortical expression of NGAL, a marker of proximal tubular injury. Although there was a tendency for reduced renal cortical expression of NGAL (Fig. 5) in denervated SLE mice, this did not reach a statistical significance (P ϭ 0.176), making the role of the proximal tubule unclear.
Renal inflammation. To determine whether denervation altered renal inflammation, we assessed renal cortical and medullary protein expression of TNF-␣ and MCP-1. Renal cortical expression of TNF-␣ was significantly increased in SLE mice compared with control mice ( Fig. 6A ; P ϭ 0.013), as we have previously reported (42) . Similarly, renal medullary expression of TNF-␣ was increased in SLE mice ( Fig. 6B ; P ϭ 0.008). TNF-␣ expression was not altered by denervation in either the cortex or medulla.
Renal cortical protein expression of MCP-1 was increased in SLE mice ( Fig. 7A ; P Ͻ 0.001) and was significantly lower in denervated SLE mice (P ϭ 0.025). In contrast, renal medullary MCP-1 was similar among all groups (Fig. 7B) . Although F4/80 staining was increased in SLE mice compared with sham controls, the reduced renal cortical MCP-1 expression was not associated with lower F4/80 staining in denervated SLE mice (Fig. 8) .
DISCUSSION
In the present study, we investigated whether renal nerves contribute to the development of hypertension during SLE. The rationale was based on the well-known contribution of renal nerves to the pathogenesis of hypertension in humans and experimental animal models, the potential for catecholamines to promote inflammation, and evidence supporting a prominent role for autonomic dysfunction in patients with SLE, a disease with prevalent hypertension and renal disease. The major new findings of this study are 1) renal denervation does not impact blood pressure in female mice with SLE; 2) bilateral renal denervation ameliorates urinary albumin in a female mouse model of SLE; 3) some markers of renal inflammation are lower in denervated mice (i.e., MCP-1), while others are unchanged or even increased (TNF-␣, monocyte/macrophage); and 4) glomerulosclerosis is increased after denervation in both control and SLE mice. Taken together, these data suggest that while the renal nerves do not contribute to the hypertension during SLE, at least over the time course studied, there is a complex role for the renal nerves to regulate renal inflammation and injury.
SLE is a chronic autoimmune disorder that predominantly affects women and is associated with prevalent hypertension for reasons that remain unclear. Female NZBWF1 mice represent a widely utilized and established model of lupus nephritis. Our published work has established this as a model of hypertension with a number of factors likely contributing to the hypertension, including endothelial dysfunction (36), impaired renal hemodynamics (26, 43) , renal inflammation (42), and oxidative stress (25) . Other systems important for blood pressure control may also contribute to the hypertension in this model, including endothelin and the renin-angiotensin system. The previous work of others showed that blockade of the endothelin receptor A ameliorates renal injury in NZBWF1 mice (31) . In addition, despite being a low-renin model (35) , renin-angiotensin system blockade effectively protects the kidneys in these mice (16) . Because the kidneys are highly innervated and sympathetic nerve activity can regulate many of these systems, the present study was designed to test whether renal nerves contribute to the hypertension during SLE. The sympathetic nervous system has been implicated in both human and experimental models with hypertension and is known to regulate renal hemodynamics. Increased sympathetic activity has been reported in patients with essential hypertension (39) and in obesity-associated hypertension (14) . The important role of the renal nerves in blood pressure control is supported by data showing that denervation lowers blood pressure in both humans (22) and in animal models, including obesity-induced hypertension and spontaneous hypertension in rats (17, 19, 20) . In addition to the role of renal nerves in regulating tubular sodium and water reabsorption (2, 3), one mechanism by which the renal sympathetic nerves can contribute to the development of hypertension is by promoting increased renal vascular resistance and a rightward shift in the pressure natriuresis relationship (2, 7, 8, 23, 46) . These renal hemodynamic changes are consistent with what we recently reported in the NZBWF1 mouse model of SLE (26, 43) .
In humans with SLE, autonomic dysfunction is a common occurrence, and data suggest that sympathetic activity may be increased in certain patient populations (11, 15, 47) . This is partially based on measurements showing increased serum neuropeptide Y in patients with SLE (15), considered by some to be a marker of sympathetic activity. Consistent with human data, neuropeptide Y is reportedly increased in the kidneys from mice with SLE (5); however, renal sympathetic activity has not been assessed. The current experimental design does not directly assess renal sympathetic nerve activity, and tissue catecholamines are not a good indicator of nerve activity. However, the data showing that renal norepinephrine content is similar between SLE and control mice may indicate that innervation of the kidney is similar.
The finding that blood pressure was not altered by renal denervation in this model of SLE can potentially be explained in the following way. First, it is well known that renal denervation decreases tubular sodium reabsorption (2, 3) , an effect that is predicted to lower blood pressure. However, renal injury can reduce filtration fraction, and the data from this study show that glomerulosclerosis is increased in renal denervated mice. In addition, norepinephrine increases filtration fraction (29) , suggesting that loss of catecholamines would have the opposite effect. Therefore, it is plausible that the increased glomerular injury and reduced renal catecholamines offset the tubular effects of denervation on sodium reabsorption. Careful assessment of the relationship between chronic renal hemodynamic function and renal injury will ultimately be required to test this hypothesis. Irrespective of the reason behind the blood pressure data, this study suggests that the renal nerves do not have a prominent role in the pathogenesis of hypertension during SLE, at least over the 2-wk time course. This relatively short course of the study was chosen on the basis of evidence that reinnervation occurs quickly in rodents (28) and limits our ability to make conclusions on the long-term impact of denervation on blood pressure during SLE. Several others have also reported that the renal nerves do not figure prominently in the pathogenesis of hypertension. For example, hypertension in the Dahl salt-sensitive rat develops in the same way and to the same degree regardless of whether or not the renal nerves are intact (30). In another example, hypertension resulting from aortic constriction is not altered by renal denervation (9) . Finally, renal denervation temporarily delays, but does not prevent, hypertension in a DOCA salt rat model treated with cyclosporine A to induce nephrotoxicity (34) .
A somewhat surprising observation made during this study was the marked reduction in urinary albumin from the denervated SLE mice, independent of changes in blood pressure. Albuminuria is an important clinical predictor of future cardiovascular events (33) , an important consideration for patients with SLE, in which cardiovascular disease is the leading cause of mortality. The impact of renal denervation to reduce albuminuria independently of blood pressure has also been previously reported in a rat model of anti-Thy-1.1 model of nephritis (41) . On the basis of the finding that albuminuria was reduced in denervated SLE mice, it was anticipated that glomerular injury would also be attenuated; however, this was not the case. The increased glomerulosclerosis following denervation in SLE mice may reflect hemodynamic changes in the preglomerular vasculature, given that renal sympathetic activation can increase preglomerular constriction and that denervation can increase renal cortical blood flow (21, 45) . It is interesting to speculate that, if filtration is reduced because of the increased glomerulosclerosis or low renal catecholamines, this may also contribute to the reduced albuminuria in the denervated mice. The extent to which this occurs would be difficult to test experimentally. A second factor that could contribute to the reduced levels of albuminuria is related to tubular reabsorption of albumin. The proximal tubule is a major site of albumin reabsorption (40) . Therefore, if renal denervation provided protection against tubular injury, the overall ability of the kidney to reabsorb albumin would be predicted to improve. The data showing that NGAL, a marker of proximal tubular injury (27) , is reduced in denervated SLE kidneys is consistent with this hypothesis.
The possibility that renal denervation could reduce renal inflammation was also examined in this study. This was based in part on data showing that chronic infusion of catecholamines (phenylephrine) in rats led to increased renal inflammation (osteopontin) and urinary albumin excretion (18) . To assess this, renal cortical and medullary TNF-␣ and MCP-1 protein expression and renal macrophage/monocyte infiltration were examined. As we previously reported, both MCP-1 and TNF-␣ were increased in the kidneys of SLE mice (42, 44) . Bilateral renal denervation significantly reduced cortical MCP-1 expression but did not alter cortical or medullary TNF-␣, and did not appear to impact the staining for monocytes and macrophage. These data demonstrate a potentially complex role for the renal nerves in regulating tissue inflammation. The fact that neither TNF-␣ nor blood pressure was reduced is consistent with our earlier work showing that TNF-␣ contributes to the pathogenesis of hypertension in this model (42) .
Perspectives and Significance
Hypertension is a major risk factor for cardiovascular disease, and chronic inflammation is proposed to contribute to the pathogenesis of hypertension. SLE is a chronic autoimmune inflammatory disorder with prevalent hypertension. It is estimated to affect over 1 million people in the United States, with a majority of the cases occurring in women at an age when the prevalence of hypertension is otherwise very low. The mechanisms for SLE hypertension have not been elucidated. Given the prominent role for the kidney in long-term blood pressure control, the impact of SLE on the kidneys, and the fact that clinical data show that autonomic dysfunction is common in young women with SLE, we hypothesized that the renal nerves play a role in SLE hypertension. However, the studies presented here demonstrate the renal nerves do not play a key role in the development of hypertension during SLE and suggest that there are complex interactions between the renal nerves, tissue injury, and inflammation.
